Biological ferroelectric materials have great potential in biosensing and disease diagnosis and treatment. Glycine crystals form the simplest bioferroelectric materials, and here we investigate the polarizations of its βand γ-phases. Using density functional theory, we predict that glycine crystals can develop polarizations even larger than those of conventional inorganic ferroelectrics. Further, using systematic molecular dynamics simulations utilizing polarized crystal charges, we predict the Curie temperature of γ-glycine to be 630 K, with a required coercive field to switch its polarization states of 1 V·nm −1 , consistent with experimental evidence. This work sheds light on the microscopic mechanism of electric dipole ordering in biomaterials, helping in the material design of novel bioferroelectrics.
T he study of ferroelectricity and piezoelectricity in biosystems provides an exciting combination of physics and biology, 1 inaugurated by the discovery of piezoelectric properties in wood by Fukada in the 1950s. 2 With modern advanced experimental techniques, piezoelectric and ferroelectric properties of many other biomaterials have been recently discovered, including properties of bones, aortic walls, nails, teeth, seashells, and peptide nanotubes. 3−9 However, little is known concerning the general principles depicting ferroelectric switching, owing to the complexity of biological materials. 10 An example comes from the recent study of Hu et al. that discussed switchable dipole long-range ordering in an important biomaterial, hydroxyapatite, using first-principles calculations. 11 Recently, it was demonstrated that a basic component of biological structure, namely glycine, presents nanoscale ferroelectricity, 12 with an exhibited technologically significant piezoelectric response; the predicted longitudinal strain coefficient of γ-glycine, d 33 , is about 10.4 pm V −1 , and the longitudinal piezoelectric coefficient, d 22 , of β-glycine is about −5.7 pm V −1 . 13 Our study confirm those results, with d 33 = 8.1 pm V −1 and d 22 = −4.7 pm V −1 . Glycine is one of the simplest and smallest biological molecules. It therefore presents a starting point for the design of functional materials as it can be synthetically modified to optimize properties. As it is a basic building block of life, 14 it also represents a paradigm for the understanding of bioferroelectricity. Much is known about its crystal phases, 15 but very little is known about the mechanism of its ferroelectric transitions.
Glycine crystal mostly occurs in α-, β-, or γ-phases under ambient conditions. 16 Alternative δ-, ε-, and ζ-phases are known but metastable, being observable only under special conditions. 17,18 α-Glycine (symmetry group P2 1 /m) has an antiparallel layered hydrogen bond (HB) network, 16 making it stable at room temperature. Similarly, β-glycine (symmetry group P2 1 ) 19 is also stabilized by a parallel layered HB network. Under ambient conditions, β-glycine usually transforms spontaneously into either αor γ-phases. Among all the phases, γ-glycine is the most stable. 20 It has a helical HB network, a feature not found in the other two main phases. These three dominant phases have relative stability γ > α > β. Another feature of technological relevance is that phases can interconvert under certain conditions, including in response to humidity changes, 21 with only the γ-phase remaining unconditionally stable in moist air; 15 phase transition from β-glycine to either αor γ-glycine occurs when the humidity increases. Similarly, the α-phase can also change to the γ-phase under high humidity. When the temperature increases above 443 K, the γ-phase can change to the α-phase. 21, 22 Because P2 1 /m is centrosymmetric, there is no net polarization within the αphase, while the polar phases, βand γ-, have polarization along the b-axis and c-axis, respectively. The polymorphism observed among the three major phases of glycine is summarized in Figure S1 in the Supporting Information.
Glycine crystals have been previously simulated, 23 but a deep study of the potential bio-ferroelectric properties was not addressed. In this Letter, we perform first-principles density functional theory (DFT) calculations and molecular dynamics (MD) simulations, elucidating the ferroelectric properties of glycine, including both the equilibrium polarizations and the dynamic phase transition mechanism. In particular, we consider the β-(monoclinic, P2 1 ) and γ-(triangular, P3 1 and P3 2 ) phases using modern polarization theory (MPT), and more calculation details are in the Supporting Information. 24−26 Furthermore, we employ MD simulations with a polarized force field to study polarization switching of γphase. We simulate the hysteresis loop and the γ-phase transition as a function of the temperature, reproducing the reduction of the polarization that occurs as the paraelectric phase is approached.
The exchange−correlation functional used throughout the work is Perdew−Burke−Ernzerhof (PBE), 27 chosen after benchmark calculations. Detailed results and the electronic structures of glycine crystals are given in the Supporting  Information (see Figures S2−S5 and Table S1 ).
As described in Methods in the Supporting Information, application of MPT requires the construction of a transition pathway from the observed ferroelectric phases to suitable proposed paraelectric reference structures. These pathways are divided into two parts: a pure atomic translation, i.e., a displacement−distortion field, and a coherent rotation of the molecules, i.e., a rotational distortion field. In the calculations, the paths from the reference structure to the ferroelectric structure are obtained by evenly interpolating, but they do not represent real low-energy switching paths; their purpose is simply to calculate the polarization unambiguously. 11 The total polarization calculated for β-glycine is calculated to be 11.8 μC·cm −2 along the b-axis, with the components along the other two axes canceling out because of symmetry. The smooth curve shown in Figure 1a indicates that the calculation is not affected by polarization quanta. 11 In particular, we find that the ferroelectricity of β-glycine stems from an ordered arrangement of the −NH 3 + group, giving rise to a weak-ferroelectric arrangement 28 and resulting in an accumulated component of dipole moment along the b-axis, and the change of improper dihedral angle between the N atom on the −NH 3 + group and the plane formed by the carboxyl acid group (−COO − ) affects the magnitude of the resulting polarization. For polarization along the b-axis, the −NH 3 + group undergoes a transition from the paraelectric structure to the ferroelectric one.
On the other hand, the polarization of γ-glycine is extraordinarily large, reaching 70.9 μC·cm −2 along the c-axis for the P3 1 phase and 70.7 μC·cm −2 for the P3 2 phase. Along the transition path, the glycine molecules rotate by 180°a round an axis perpendicular to the c-axis. Polarizations for the two γ-glycine phases (Figure 1b ,c) are about five times larger than that for β-glycine ( Figure 1a ) and are similar to those for traditional ferroelectric materials. 29−31 Glycine is a polar molecule with a large molecular dipole moment of 11.5 D. 23 Although the molecular volumes in the crystals are similar for both βand γ-glycine, in β-glycine different molecules have their dipoles in different directions, whereas in γ-glycine the moments are helically aligned, with a net component along the c-axis (Figure 1) .
To gain more insight into the origin of ferroelectricity in glycine, systematic MD simulations were performed using the polarized crystal charge (PCC) based on the protein-specific polarized charge (PPC), 32, 33 examining the response of the crystal structure and its polarization to an applied external electric field at 300 K. Here we considered only the γ-phase (symmetry group P3 2 ) because the β-phase is extremely unstable and unlikely to be utilized in any application. During the simulation, an external electric field was applied along the c-axis. Its magnitude varies from 0 to 3 V·nm −1 , then to −3 V· nm −1 , and then returns to zero. Results are shown in Figure 2 .
Increasing the magnitude of the applied field |E| induced a switching from one fully aligned ferroelectric molecular arrangement to the other. This switching occurred throughout the range 1 V·nm −1 < |E| < 2 V·nm −1 , creating a hysteresis loop. Although the magnitude of the field required to induce switching is quite large, it is not outside the experimentally accessible range in both Stark experiments and in electrical devices. Also, the Landauer paradox 34 will apply to this result, indicating that simulations of realistic multicrystalline materials will be predicted to have smaller switching fields than that perceived in the current calculations, and coercive field is related to the grain size and the domain wall velocity. 35, 36 In addition, piezoelectric switching in γ-glycine has been observed 12 experimentally using a tip voltage of about 8 V, with an effective diameter of 8−10 nm, roughly corresponding to a maximum switching electric field of about 1 V·nm −1 at the tip apex. Although it is not a direct experimental evidence, the similarity of the calculated and observed important fieldstrength magnitudes indicates that the calculated switching field is qualitatively realistic. This in turn supports the reliability of the large calculated value of the electric polarization in γ-glycine.
At the molecular level, Figure 3 depicts details of the spontaneous switching of a 10 × 10 × 10 supercell of γ-glycine crystal from one ferroelectric orientation to the other, at 300 K and constant volume, under a driving electric field of 1.5 V· nm −1 applied for 5 ns. New domains begin to nucleate at about 1.0 ns, with ferroelectric switching complete after 3.0 ns. In this simulation, one single new domain initially appears at the left boundary of the cell, becoming a triangle-shaped domain after about 1.0 ns. This grows to fill the unit cell after 2.4 ns. From the three-dimensional plot of the nucleation process shown also in the figure, we find some locations in the system become reversed and then gradually connect into a cylindrical core. To validate our finding, we have repeated the MD simulation several times and obtained similar results for the ensemble of MD trajectories (see Figure S6 ).
Ferroelectric domain switching dynamics can be interpreted in terms of the Kolmogorov−Avrami−Ishibashi (KAI) model 37−40 based on classical statistical mechanics:
Here t 0 is the characteristic switching time, and P s is the spontaneous polarization. We fit our MD results to this model to understand their domain kinetics. The fitted curve is shown Molecules containing molecular dipoles with opposite orientations are displayed in green and red, respectively, for the domains having polarizations along the +c and −c directions. Panels a−f show alternatively oriented molecules shaded from red to green, revealing that the switching process is completed within approximately 1.5 ns. Panels g−l show details of the nucleating in three dimensions.
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Letter in Figure 4a ,b, depicting the fractional conversion from one phase to the other at the different applied field strengths used. Different onset times associated with activated nucleation processes are revealed, followed by a growth stage that depends quite differently on the applied field, in accordance with model expectations. We also verified the convergence of the results with time to ensure accurate results using the ensemble of our MD trajectories mentioned above. The validation is shown in Table S2 . The converged parameters t 0 and n are listed in Table 1 .
To illustrate the relationship between t 0 and the strength of electric field E, we utilize Miller and Weinreich's relationship found previously in BaTiO 3 : 39,41
By least-squares fitting, the activation electric field of glycine is determined to be E 0 = 11.05 V·nm −1 , as shown in Figure 4b .
In different simulations, domain cores appeared at different locations, but the time-dependent evolutions of the growing domains during the switching processes are all similar. In more extensive simulations, the physical processes controlling these responses could be determined. Of particular importance would be how these responses change with external fields, such as temperature, pressure, doping, or chemical substitution, hence suggesting possible directions for future device research.
Because, in practical applications ferroelectricity would normally need to be maintained over some temperature range, we investigate the transition temperature of the ferroelectric phase of γ-glycine over the temperature range 100−700 K by MD. Results are shown in Figure 4c ,d. As the temperature approaches 630 K, the average value of the polarization gradually decreases and its fluctuation increases. When the temperature reaches 640 ± 5 K, the polarization drops sharply to 0.0 μC·cm −2 , indicating that the ferroelectric phase transitions to a paraelectric one. The predicted sharp variation of the polarization is suggestive of a first-order phase transition, a result which is profoundly different from that found for the classical ferroelectric material triglycine sulfate (TGS), which instead displays a second-order phase transition. 42 The calculated order−disorder phase transition temperature of 630 ± 5 K for γ-glycine is much higher than the experimentally observed decomposition temperature of the material of about 500 K. 43 Hence, the simulations indicate that The Journal of Physical Chemistry Letters Letter glycine will display good ferroelectric properties, a requirement for device and biological applications.
In conclusion, we investigated the ferroelectric polarization of β-phase (monoclinic, P2 1 ) and two γ-phases (trigonal, P3 1 and P3 2 ) of glycine based on first-principles calculations and MPT. Our results predict that γ-glycine should have a spontaneous polarization of about 70.9 μC·cm −2 at 300 K. In addition, classical molecular dynamics simulations using PCC charges predict that the polarization of γ-glycine crystals will saturate completely at applied electric field strengths exceeding 1 V·nm −1 . The ferroelectric−paraelectric phase transition is predicted to occur at 630 K, a value higher than the decomposition temperature of glycine. We also show that the switching process agrees with the KAI model, featuring separate time scales for nucleation of the product phase and its subsequent growth. Future studies need to explore the factors controlling each stage to determine how devices will respond to stimuli such as external temperature and pressure changes, doping, and chemical substitution. Given the critical role of glycine in biology, we hope the biocompatibility and ferroelectricity of glycine crystals will make them promising candidates for biomedical applications. 
